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Abstract. Solid fuel combustion is always preceded by chemical decomposition. 
This process is largely determined by the flow structure and affected by the 
geometry and operating conditions of the combustion chamber. This study aimed 
to investigate the effect of relative axial inlet diameter (Dai//Dbc) on the flow 
structure in the proposed cyclone burner. The flow structure was determined 
with the standard k- turbulent model using the Ansys-Fluent software. From the 
simulation results it was concluded that with all the axial inlet diameters used an 
integrated vortex formed in the center of the burner cylinder. The integrated 
vortex consisted of two vortices, namely a primary vortex and a secondary 
vortex. The primary vortex penetrated from the furnace box to the burner 
cylinder, while the secondary vortex was formed in the burner cylinder itself. 
There were two integration patterns from the primary vortex and the secondary 
vortex, namely a summation pattern and a multilayer pattern. The presence of a 
vortex in the center of the burner cylinder is allegedly responsible for an increase 
in the degree of mixing and pressure drop in that zone. The flow structure 
induced from the proposed burner had high symmetricity and was largely 
determined by the burner’s axial inlet diameter. 
Keywords: axial inlet diameter; biomass particles; decomposition process; flow 
structure; k- turbulent model; pressure drop; turbulent intensity; vortex. 
1 Introduction 
The design of a boiler furnace system, especially its burner design, is strongly 
influenced by the phase of fuel used. When using a liquid or gaseous fuel, the 
fuel can be directly burned in the boiler furnace. Meanwhile, when using a solid 
fuel, the fuel must be decomposed first in the burner before it can be burned 
completely in the boiler furnace [1]. This is why the design of a solid-fueled 
burner is more complex than that of gaseous and liquid burners. Although the 
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design of coal burners has reached an established stage, it is not directly suitable 
for other solid fuels.  
The design of a burner for solid fuel is determined largely by its physical and 
chemical characteristics, as stated by Baxter, et al. [2] and Momeni, et al. [3]. 
The physical and chemical characteristics of the biomass are much different 
from coal, therefore the geometrical design and operating conditions of a 
biomass burner need to be developed separately. The burner design proposed in 
this paper is intended for non-woody biomass fuel, i.e. Miscanthus x Giganteus. 
Its particles tend to have a higher surface area than coal due to their lower 
sphericity. It is relatively easy to flow because of its low density. Furthermore, 
it is relatively easy to decompose because of its high volatile content [4,5]. 
Fundamentally, solid fuel decomposition consists of body heating and volatile 
gas release. It involves many fields of science, such as fluid dynamics, heat 
transfer, thermodynamics and chemical kinetics [6]. Thermodynamically, the 
decomposition process is endothermic, so it requires a certain amount of heat. 
To meet the heat requirement of the decomposition process, some parts of the 
devolatilization gases are burned in the burner. Another potential heat source for 
the decomposition process is hot flue gas that comes from the boiler furnace. 
Recirculation of hot flue gas into the burner can be done through the installation 
of a recycle flow pipe or through the formation of backflow patterns. In this 
study, the strategy chosen was the formation of backflow patterns, which can be 
created by involving the tangential or swirl flow in the burner. This backflow 
will carry hot flue gas from the boiler furnace to the internal burner and can 
maintain a high burner temperature. Thus, evaluation of this fluid dynamics 
characteristic can be used as a decomposition process indicator.  
The formation of backflow patterns in a burner is influenced by the burner 
geometry and the operating conditions. According to Nemoda, et al. [7], the 
formation of backflow patterns in a burner is strongly influenced by the flow 
swirl number (Sn). Backflow patterns are only formed at high swirl numbers     
(Sn > 2.48). Meanwhile, Ziqiang, et al. [8] state that the backflow patterns in a 
burner are influenced by the tangential inlet orientation. They claim that a 
tangential inlet slope of 30° is the best angle to produce uniform and widespread 
backflow patterns. 
Arnao, et al. [9] has succeeded in improving the performance of a sugar-cane 
bagasse swirl burner in Brazil by changing the geometry of the swirl generator. 
They claim that their design is able to increase fuel penetration and scattering in 
the furnace. Pasymi, et al. [10] numerically found that the initial tangential 
intensity (Iit), which is the ratio between the total momentum flux entering the 
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tangential inlet and the total momentum flux entering the burner cylinder, 
significantly affects the fluid dynamics characteristics inside the burner 
cylinder, especially at high initial tangential intensity. 
Another fluid dynamics characteristic that can be evaluated as decomposition 
process indicator is turbulent intensity [11]. The turbulent intensity is associated 
with the degree of mixing: the higher the turbulent intensity, the higher the 
degree of mixing and vice versa. In turn the degree of mixing influences the 
mass diffusion and convective heat transfer coefficient. Moreover, the pressure 
drop is correlated to the burner operating cost. The higher the pressure drop, the 
greater the power required to drain the air and fuel from the boiler furnace, 
resulting in higher burner operating cost. This fluid dynamics characteristic can 
also be evaluated as a respone variable. Although the study of biomass burner 
design has been widely conducted, there are several aspects of this subject that 
still need to be investigated, whether related to the geometry or the operating 
conditions.  
This study aimed to investigate the effect of the axial inlet diameter (Dai) on the 
behaviors of fluid dynamics in the proposed burner. Evaluation of fluid 
dynamics behaviors was only done in the cylinder of the burner because the 
particle decomposition is expected to occur there. The information obtained 
from this study can be used as a consideration in developing the design of 
biomass burners.  
2 Investigation Methodology 
This research was conducted using a numerical simulation and the 
computational fluid dynamic (CFD) method. The CFD engine used was Ansys-
Fluent. This method has several advantages, especially for the design and 
operation research goals, i.e. it can save research time and cost while still 
producing satisfactory results [12,13]. 
2.1 Computational Technique 
The simulation of fluid dynamics in the burner started with drawing the 
geometry of the proposed burner. The geometry and dimensions of the proposed 
burner are given in Subsection 2.2. The second step was to mesh the burner 
geometry. The meshing type used was Cooper with hexagonal elements. The 
number of grid cells was about 1.200.000. The next step was to develop the 
discretization equation for each formed grid cell by integrating any differential 
equation present in the k- model. The differential equation system of the k- 
turbulence model is given in Subsection 2.3. The last step was to compute the 
discretization equation system by a numerical solver. The solver was worked 
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under steady state condition, simple schema of pressure-velocity coupling and 
default spatial discretization. The last two steps are available in the commercial 
Ansys-Fluent software. 
2.2 Burner Geometry 
The geometry of the proposed biomass burner consists of inlet and body 
sections. The inlet section is a cylindrical pipe embedded by an extended axial 
inlet and four tangential injections. The axial inlet is a cylinder with diameter 
Dai and length Lai and it is concentric with the cylinder of the inlet section. The 
tangential injection is a rectangular duct with thickness t, width ℓ and length Lti.  
The four tangential injections are mounted symmetrically on the cylinder of the 
inlet section. Based on Ziqiang, et al. [9], the tangential injection orientation 
angle used in this study was 30°. Meanwhile, the body section of the burner is 
also a cylinder, with diameter Dbc and length Lbc. The geometry and 
dimensions of the burner are shown in Figure 1.  
 
Figure 1 The proposed burner’s geometry and dimensions: (a) complete 
geometry, (b) longitudinal slice geometry, (c) longitudinal dimensions, and (d) 
cross section dimensions. 
For modeling purposes, the simulated burner is equipped with a rectangular box 
at the end of the burner cylinder, which is 2 m in length and width, and 3 m in 
height. At the top of the box, there is a rectangular area for the flue gas outlet, 
which is 2 m in length and 0.5 m in width. 
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2.3 Fluid Dynamics Modeling Formulation 
Fluid dynamics modeling in this research was conducted using mass and 
momentum turbulent conservation equations, also known as Reynolds Average 
Navier-Stokes (RANS) equations. Meanwhile, the strategy or model used to 
solve the equation system was the standard k- turbulent model.  
Although derived with isotropic turbulent assumption, the standard k- turbulent 
model works well for low swirl flow, as stated by Pasymi, et al. [11], Bindar, 
[14] and Vazquez [15]. As found in [16], the formulations of the fluid dynamics 
equations system according to the standard k- turbulent model are expressed in 
Eqs. (1) to (6). The constitutive equations needed to solve the equation system 
are given in Eqs. (7) to (9). 
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 𝜇𝑒𝑓𝑓 = 𝜇 + 𝜇𝑡 (8) 
 𝜇𝑡 = 𝐶𝜇𝜌 (
𝑘2
𝜀⁄ ) (9) 
𝐶μ, 𝐶1, 𝐶ε2, 𝜎k and 𝜎ε are the empirical constants of these equations. The value 
of each of the empirical constants is 0.09 for Cμ, 1.0 for 𝜎k, 1.3 for 𝜎k, 1.44 for 
𝐶1 and 1.92 for 𝐶ε2. The simultaneous solution of the equation system above 
will produce 6 dependent variable values, namely; ?̅?, 𝑘, 𝜀, ?̅?𝑥, ?̅?𝑦 and ?̅?𝑧 and 
can be expressed in various response variables. 
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2.4 Research Variables and Parameters 
As stated in the previous section, the independent variable used in this study is 
the axial inlet diameter (Dai). The variation of axial inlet diameter was expressed 
as the diameter ratio of axial inlet and burner cylinder (Dai/Dbc). There were 6 
different Dai/Dbc values used, i.e. 0.20, 0.33, 0.40, 0.50, 0.60 and 0.80.  
All simulations were performed under constant initial tangential intensity (Iit) 
and flow Reynolds number (NRe). The initial tangential intensity and the 
Reynolds number values used were 3.7 and 69,000, respectively. These low Iit 
and NRe were chosen in view of the low density of the biomass particle. The 
initial tangential intensity was calculated using Eq. (10) and the flow Reynolds 
number was found through Eq. (11). 
 𝐼𝑖𝑡 = (
?̇?𝑡
?̇?𝑇
)
2
(
𝐴𝑇
𝐴𝑡
)
2
 (10) 
 𝑁𝑅𝑒 = (𝜌𝐷𝑏𝑐?̅?𝑎𝑣) 𝜇⁄  (11) 
The response variables used were extracted from the dependent variables 
resulted from the simulation. They were: flow structure, pressure drop and 
degree of mixing. The flow structure was represented by recirculation flow 
patterns and velocity profiles, while the pressure drop was represented by the 
static pressure profile. The degree of mixing was represented by the turbulent 
intensity and was determined through Eq. (12): 
 𝐼 = √
(2 3)⁄  𝑘
(?̅?𝑥
2+?̅?𝑦
2+?̅?𝑧
2)
 (12) 
3 Results and Discussion 
3.1 Flow Structure 
The simulation results showed that the flow structure in the burner cylinder 
consists of recirculation and non-recirculation flows, as shown in Figure 2. The 
recirculation flows occur at the center of the burner cylinder, while non-
recirculation flows occur in the area near the burner wall. In Figure 2(a), the 
axial velocity distribution of the velocity vector in longitudinal fields, namely 
the zx and zy planes of the burner, is presented. The recirculation flow is 
represented by the axial velocity vector leading to the left in the center of the 
burner cylinder. Meanwhile, in Figure 2(b) the distribution of axial velocity in 
several cross sections along the burner cylinder is shown. The recirculation flow 
is represented by purple and blue colors of the axial velocity vector at the center 
of each cross section field. 
690 Pasymi, et al. 
  
 
Figure 2 Velocity vectors colored by axial velocity (m/s) for Dai/Dbc = 0.33; 
(a) in longitudinal field and (b) in cross section. Colors indicate velocity 
magnitude. 
The flow pathlines showed that the recirculation flow in the burner cylinder 
forms an integrated vortex that resembles a tornado tail, as shown in Figure 3-5. 
The integrated vortex consists of two vortices, namely a primary vortex and a 
secondary vortex. The primary vortex is a vortex that extends from the furnace 
box to the burner cylinder, as shown in Figure 3. The secondary vortex is a 
vortex that forms in the burner cylinder itself, as shown in Figure 4. There are 
two kinds of secondary vortex flow orientations: one is unidirectional to the 
primary vortex, see Figures 4(a) and 4(b), while the other is in the direction 
opposite to the primary vortex, see Figures 4(c)-4(f). 
The penetration length and orientation of both vortices was determined by the 
relative diameter of axial inlet (Dai/Dbc). The smaller the Dai/Dbc value, the 
longer the backflow penetration of the primary vortex that was formed and vice 
versa. The unidirectional secondary vortex orientation tends to form at lower 
Dai/Dbc values.  
The assimilation of the primary vortex to the secondary vortex has two patterns, 
namely a summation pattern and a multilayer pattern. In the summation pattern, 
the total penetration length of the recirculation flows is the sum of the primary 
and the secondary vortex length, as depicted by Figure 5(a). On the other hand, 
in the multilayer pattern, the secondary vortex enclosed the primary vortex, as 
illustrated by Figure 5(b). The assimilation pattern of the vortex is also 
determined by the relative diameter of axial inlet (Dai/Dbc). In this simulation, 
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the summation pattern was formed at Dai/Dbc of 0.20 and 0.33, and tended to 
have longer vortex penetration lengths. Meanwhile the multilayer patterns 
occured at Dai/Dbc values of 0.4 to 0.80 and tended to have larger vortex 
diameters.  
 
Figure 3 The tornado-tail like flow patterns (primary vortex) for several Dai/Dbc 
values. Colors indicate velocity magnitude. 
This study described how the axial inlet diameter affects the recirculation 
flow pattern in the burner cylinder and contributed in selecting a proper 
burner axial inlet diameter. According to Nemoda, et al. [8] and Al-Abdeli & 
Masri [17], the recirculation flow will bring hot flue gas from the furnace 
into the burner to keep the burner temperature high. That is why the 
recirculation flow is highly responsible for the flame stability in the burner. 
692 Pasymi, et al. 
  
 
Figure 4 The secondary vortex patterns in the center of the burner cylinder for 
several Dai/Dbc values. Colors indicate velocity magnitude. 
 
Figure 5 Schematic of assimilation patterns from the primary vortex and 
secondary vortex: (a) summation pattern and (b) multilayer pattern. 
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3.2 Turbulent Intensity   
Referring to Nag [7], a high degree of mixing is needed in operating a burner. 
The mixing will intensify the contact between air and fuel to actualize the 
combustion process. Furthermore, the degree of mixing will also affect the fluid 
residence time [18]. The degree of mixing is greatly affected by the geometry 
and operating conditions of the chamber. The following discussion describes the 
effect of the axial inlet diameter on the degree of mixing in the burner cylinder. 
The degree of mixing is represented by the turbulent intensity.  
The radial and axial profiles of the turbulent intensity in the burner cylinder are 
shown in Figure 6. Radially, the closer to the cylinder center, the higher the 
turbulent intensity, as can be seen in Figure 3(a) and 3(b). The value and 
position of the turbulent intensity peak in the burner centerline is determined by 
Dai/Dbc. The higher Dai/Dbc, the higher the turbulent intensity and the closer 
turbulent intensity peak to the burner outlet, as shown in Figure 6(c). The 
profile of turbulent intensity in the burner is likely correlated to the vortex 
structure. The highest turbulent intensity was obtained at Dai/Dbc = 0.8, where 
the value of turbulent intensity was ± 2.78% and the peak position of the 
turbulent intensity was at ± 0.26 m from the burner outlet. 
 
Figure 6 Turbulent intensity profile in the burner cylinder: (a) radially, at 
several z positions in the zy plane for Dai/Dbc = 0.33, (b) radially, at several z 
positions in the zx plane for Dai/Dbc = 0.33, and (c) at the centerline of the burner 
cylinder for several Dai/Dbc values. 
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Meanwhile, the lowest one was found at Dai/Dbc = 0.4. The value of turbulent 
intensity was ± 2.18% and the peak position of the turbulent intensity was at 
± 0.35 m from the burner outlet. 
3.3 Pressure Drop  
In this section, the pressure drop in the burner cylinder is represented by the 
radial and axial profile of static pressure. Radially, the static pressure was 
greater toward the wall, as shown in Figure 7(a) and 7(b). This is because the 
closer to the wall, the higher the friction loss and the greater the flow resistance 
or static pressure. Axially, in the near wall zone, the static pressure in the burner 
cylinder decreased toward the outlet. In the central zone of the burner cylinder 
the static pressure increased toward the outlet, as shown in Figure 7(c) and 7(d). 
The presence of recirculation flow at the center of the burner cylinder is 
allegedly responsible for an increase in static pressure in that zone. 
 
Figure 7 Profile of the static pressure along the burner for Dai/Dbc = 0.33: (a) 
radially, for several z positions in the zx plane, (b) radially, for several z 
positions in the zy plane, (c) axially, for several r positions in the zx plane and 
(d) axially, for several r positions in the zy plane. 
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4 Conclusion 
A fluid dynamics simulation was conducted to study the effect of axial inlet 
diameter on the flow structure in a burner cylinder using the standard k- 
turbulent model. With all axial inlet diameters used, an integrated vortex formed 
at the center of the burner cylinder. The integrated vortex consisted of two 
vortices, namely a primary vortex and a secondary vortex. The primary vortex 
penetrated from the furnace box to the burner cylinder, while the secondary 
vortex was formed in the burner cylinder itself. 
There were two integration patterns from the primary vortex and the secondary 
vortex, namely a summation pattern and a multilayer pattern. In the summation 
pattern, the total penetration length of the integrated vortex was the sum of both 
vortices penetration lengths. Meanwhile, in the multilayer pattern the secondary 
vortex enclosed the primary vortex, so that the integrated vortex diameter 
became larger. The presence of the vortex in the center of the burner cylinder is 
allegedly responsible for an increase in the degree of mixing and pressure drop 
in that zone. 
Based on the profiles of velocity, pressure drop and turbulent intensity obtained 
from the simulation, it can be concluded that the flow structure in the burner 
cylinder of the proposed burner has a high symmetricity. The flow structure, 
including the vortex pattern in the burner is largely determined by the relative 
diameter of axial inlet (Dai/Dbc). How the flow structure affects the biomass 
burner’s design still needs deeper study. 
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Nomenclature 
Roman Letters 
A = surface area ?̅? = average pressure 
c = specific heat capacity ?̅?𝑥 = average velocity of x component 
?̇? = mass flow rate ?̅?𝑦 = average velocity of y component 
k = turbulent kinetic energy ?̅?𝑧 = average velocity of z component 
I = turbulent intensity 𝐶𝜇 = empirical constant of 𝜇𝑡     
h = convective heat transfer coefficient 𝐶𝜀1 = empirical constant of  
g = acceleration gravity 𝐶𝜀2 = empirical constant of  
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Greek Symbols 
 = dissipation rate of k 𝜌 = density 
µ = molecular viscosity 𝜆 = thermal conductivity 
𝜇𝑡     = turbulent viscosity 𝜎𝑘 = empirical constant of k 
𝜇𝑒𝑓𝑓     = effective viscosity 𝜎𝜀 = empirical constant of  
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